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The present study aimed to evaluate evidence on metabolisable energy consumption and pattern of consumption with age in infants in the developed world
who were exclusively breast-fed, at around the time of introducing complementary feeding. We carried out a systematic review aimed at answering three
questions: how much milk is transferred from mother to infant?; does transfer increase with the age of the infant?; and what is the metabolisable energy
content of breast milk? Thirty-three eligible studies of 1041 mother–infant pairs reported transfer at 3–4 months of age, the weighted mean transfer being
779 (SD 40) g/d. Six studies (99 pairs) measured transfer at 5 months, with a weighted mean transfer of 827 (SD 39) g/d. Five studies (72 pairs) measured
milk transfer at 6 months, reporting a weighted mean transfer of 894 (SD 87) g/d. Nine longitudinal studies reported no significant increases in milk transfer
after 2–4 months. Twenty-five studies on breast-milk energy content were based on 777 mother–infant pairs. The weighted mean metabolisable energy
content was 2·6 (SD 0·2) kJ/g. Breast-milk metabolisable energy content is probably lower, and breast-milk transfer slightly higher, than is usually assumed.
Longitudinal studies do not support the hypothesis that breast-milk transfer increases markedly with age. More research on energy intake in 5–6-month-old
exclusively breast-fed infants is necessary, and information on the metabolisability of breast milk in mid-infancy is desirable. This evidence should inform
future recommendations on infant feeding and help to identify research needs in infant energy balance.
Infant nutrition: Breast feeding: Complementary feeding: Energy metabolism
The evidence base for many infant-feeding recommendations is
currently limited (Michaelsen et al. 2000; Lanigan et al. 2001;
Kramer & Kakuma, 2002). For example, a review on the possible
adequacy of breast milk to meet energy and nutrient requirements
up to the age of 6 months noted a lack of published evidence on
infant energy intake with which to address this question and
called for further research (Butte et al. 2002). We were also
aware that many implicit but important assumptions (about
breast-milk transfer, metabolisability and energy content, for
example) have commonly been made in the literature, and these
assumptions have been repeated and widely used in infant-feeding
recommendations. The assumptions have not generally been for-
mally tested, and it is widely recognised that more evidence-
based approaches to the issue would be helpful (Michaelsen
et al. 2000; Lanigan et al. 2001; Kramer & Kakuma, 2002).
Before embarking on a new research project on energy balance
in infancy, we had the opportunity to test the evidence base on
critical energy-balance variables by conducting a systematic
review of studies on exclusively breast-fed infants over the
period when complementary feeding is usually introduced.
‘Exclusive breast-feeding’ is defined in WHO terms as feeding
exclusively with breast milk (World Health Organization,
1995), with no other liquids or solids. ‘Complementary feeding’
is defined by the WHO as the feeding of any nutrient-containing
foods or liquids other than breast milk (Brown et al. 1998), and
‘weaning’ is defined by the WHO as the complete cessation of
breast-feeding (Brown et al. 1998). The recent review, by Butte
et al. (2002), on the adequacy of breast milk during exclusive
breast-feeding included studies of infants receiving complemen-
tary foods/liquids and assumed a value for energy content of
breast milk. In the present review, we wanted to focus on the
exclusively breast-fed infant in order to examine the evidence
on the energy content of breast milk in greater detail, and to esti-
mate metabolisable rather than gross energy intake.
The specific aims of the present review were systematically to
extract and summarise evidence on three questions:
1. How much milk is transferred from mother to infant?
2. Does milk transfer increase to match the increasing energy
needs of the infant in longitudinal studies?
3. What is the metabolisable energy content of the breast milk
transferred?
Methods
Search strategy
We searched for observational studies in Medline, Embase and the
Cochrane Library up to the end of 2002. Details of the search strat-
egy used, the studies obtained, the numbers and the reasons for
inclusion and exclusion are described and summarised in Table 1.
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We followed the Meta-analysis of Observational Studies in Epide-
miology (Stroup et al. 2000) approach as the evidence relevant to
our three aims was derived largely from observational studies.
‘Cochrane’ methodology is generally more appropriate for summar-
ising and appraising the results of interventions, particularly ran-
domised-controlled trials. Further details of individual studies are
available from the corresponding author. We cross-checked our
search results against studies cited in previous systematic (Lanigan
et al. 2001; Kramer & Kakuma, 2002) and non-systematic (Brown
et al. 1998; Michaelsen et al. 2000; Butte et al. 2002) reviews, and
also hand-searched every citation identified for other relevant
evidence.
A priori inclusion and exclusion criteria – subjects
We included published evidence on only three topics: breast milk
output, within-infant trends in milk consumption from longitudi-
nal studies, and breast-milk energy content. We only included
studies of healthy, term, singleton infants between 3 and 6
months old in the developed world (Europe, North America,
Australia and New Zealand). Studies from the developing world
were excluded for two principal reasons. First, we wanted, for
pragmatic reasons, to reduce the workload of the review while
maintaining a high degree of focus on our three specific questions
(aims). Second, we wanted our review evidence to contribute to
the debate on the adequacy of exclusive breast-feeding for 6
months in the developed world, in view of the recent adoption of
this recommendation in England and across the developed world.
We included only studies in which infants were described as
exclusively breast-fed, and in which this was defined as mothers
providing breast milk as the sole source of nutrients and
energy. Very few studies specifically referred to WHO definitions
of exclusive breast-feeding or complementary feeding, but almost
all noted whether nutrients other than breast milk were being con-
sumed. We excluded studies in which infants were described as
being partially or predominantly breast-fed. We included only
those studies which reported new data and excluded duplicate
publications (e.g. in reviews). We also excluded studies of mul-
tiple births and studies in which mothers and/or babies were sub-
ject to experimental manipulations aimed at altering breast-milk
output or composition, such as nutritional supplementation or
experimentally scheduled feeding.
A priori inclusion and exclusion criteria – methodology
For the questions addressed in the review, there are several well-
established methodologies in common use. We included as many
studies as possible, so these used a range of techniques: studies
were excluded on methodological grounds only if they used
methods that have been shown to be invalid. For studies on
breast-milk output, we included evidence obtained both by isotopic
techniques and by test-weighing the baby as these methods have no
Table 1. Checklist for reporting of systematic reviews, following the Meta-analysis of Observational Studies in Epidemiology statement (Stroup et al. 2000)
Background – definition of the problem Recent recommendations on infant feeding have concluded that the evidence base for recommendations is limited
Search strategy Searched Medline, Embase, Cochrane from inception until end of 2002
Searching of all identified WHO reviews on this topic (J. R.)
Search carried out by specialist biomedical sciences librarian (S. A.)
Hand-searching of reference lists from all potentially relevant papers (J. R.)
Searched for papers only in English (appropriate given the inclusion criteria)
Contact with key authors; presentation of the review protocol at a UK meeting on the evidence base for
infant-feeding recommendations
Inclusion/exclusion criteria Excluded studies with manipulation of infant or mother; studies outside the geographical areas noted above; multiple
births; infants not described as being exclusively breast-fed; infants ,3 or .6 months of age; infants who
were ill or pre-term; duplicate publications; studies using test-weighing of mothers
Numbers included/excluded for: breast-milk output (rejected 188 publications, included forty-four); breast-milk
energy content (rejected 145, included twenty-five); longitudinal studies of milk transfer (identified nine).
Further details available from the corresponding author
Methods Assessment of study quality–only studies that used valid methods were included: for milk transfer, this meant
test-weighing of babies and isotopic methods; for milk energy content, studies that used analysis of sampled
milk or isotopic methods were included
Methods available for the measurement of all three variables (breast-milk output, breast milk energy content) are
accurate and precise
No formal assessment of quality of included studies in light of the above; problems in assessing quality of
observational studies
Data extracted by authors using pre-piloted form
Sensitivity/sub-group analyses Planned analysis based on methodological differences between studies. For studies of breast-milk output, we
compared test-weighing v. the isotopic method. For breast-milk energy content, we compared the isotopic
method v. milk-sampling procedures. For breast-milk energy content, we compared different
sampling schedules
Calculated pooled data with and without inclusion of outliers
These analyses produced estimates of milk transfer and milk energy content that were similar
Formally tested for heterogeneity between studies
Results Gave results of individual studies (in tables) and group estimates
Provided essential details of methodology and sample for each study included
Gave results of subgroup/sensitivity analyses
Considered impact of bias in individual studies to be negligible in view of the nature of the questions addressed and
lack of bias in the methodology used
Discussion Noted limitations associated with summary measures
Noted need for further research
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significant error if performed properly (Scanlon et al. 2002). For the
assessment of changes in breast-milk transfer from mother to baby
over time, we included only longitudinal studies.
Estimates of breast-milk energy content can be made by sampling
breast milk or by carrying out a more physiological study of infant
energy balance (Lucas et al. 1987); again, both methods should
provide accurate group mean estimates (Scanlon et al. 2002). The
breast-milk sampling regime is potentially important as there is
diurnal variation in composition and also variation within a feed
between fore- and hind-milk (Mitoulas et al. 2002). We aimed to
include all eligible studies of breast-milk composition and did not
exclude studies based on sampling regime, although differences
by method of sampling were considered statistically.
Our initial review of evidence for the present study revealed
that most previous studies had estimated the gross energy content
of breast milk. In these studies, the gross energy content of the
milk was obtained either by bomb calorimetry on the milk
sample or by carrying out chemical analysis and then using stan-
dard values for the gross energy content of the constituents of
milk (protein, fat and carbohydrate; Southgate & Durnin, 1970).
Not all of the gross energy in the milk is available to infants,
mainly owing to energy losses in the faeces and urine. Values
in most previous studies therefore do not reflect metabolisable
energy intake and must systematically overestimate the energy
available to infants from breast milk. In contrast, isotopic studies
do estimate metabolisable energy content of breast milk, and do
so very accurately (Lucas et al. 1987). The primary literature
therefore contains a few studies of metabolisable energy content
and many studies that report the gross energy content of breast
milk. We included evidence from both types of study and have
presented both gross and metabolisable energy intake estimates
in the present review. Because our primary aim was to establish
the metabolisable energy content of breast milk and to minimise
the systematic error in intake estimates when gross energy is
used, we corrected published estimates of gross energy content
where necessary; the method for doing this is described in the
following section.
Corrections made to published evidence
Several corrections to published estimates were necessary.
Published estimates of breast-milk transfer that used test-weighing
often failed to correct for the insensible water losses that the baby
experienced during feeding. This omission typically introduces a
systematic underestimation of approximately 2–3 % in breast-
milk transfer (Butte et al. 1990; Neville et al. 1988). The precise
magnitude of the error will of course vary, but in the present
review we corrected where the published values did not take insen-
sible losses into account. We did so in order to produce estimates of
metabolisable energy content that were unbiased, or at least less
biased than those available from the primary literature. We therefore
adjusted published estimates where necessary by increasing them by
5 % as a conservative approach to correcting for this error. Many
published estimates of breast-milk energy transfer or energy content
presented data volumetrically (ml/d or kcal/ml), and we have
corrected these to g/d using a correction for the density of milk of
1·03 g/ml (Neville et al. 1988) as this is also a source of systematic
error that should be reduced when attempting to estimate the daily
energy intake of infants.
Our search for empirical evidence on the metabolisability of
breast milk found only a single energy-balance study (Southgate
& Barrett, 1966); this suggested that an average of 92 % of the
gross energy in breast milk was available to the infant. This
study was, however, carried out on 14-d-old infants, and the aver-
age efficiency of digestion and absorption shows a marginal
increase later in infancy (Zoppi et al. 1972; Manson & Weaver,
1997). In adults, the use of the modified Atwater factors is a gen-
erally valid means of correcting gross energy to metabolisable
energy (Southgate & Durnin, 1970), with group mean estimates
of metabolisability of 90–93 % of gross energy for adults on typi-
cal Western diets, and a metabolisability of approximately 96 %
for milk. The applicability of this evidence to breast-fed infants
is questionable, but in view of the single study in infants, we cor-
rected published estimates of the gross energy content of breast
milk to metabolisable energy content by assuming that, on aver-
age, 93 % of breast-milk energy is metabolisable. We have pre-
sented both gross and metabolisable intake estimates in the
present review.
Results
How much milk is transferred?: evidence on breast-milk transfer
Our literature search identified 232 potentially eligible papers. We
screened these for eligibility, and forty-four were included.
Infants 3–4 months old. We identified thirty-three eligible studies
with a total sample of 1041 mother–infant pairs (Table 2). The
weighted mean milk transfer was 779 (SD 40) g/d, and
the unweighted mean was 796 (SD 48) g/d (95 % CI 778, 812 g/d).
Infants 5 and 6 months old. We identified six eligible studies of
infants described as being 5 months old, with ninety-nine
mother–infant pairs in total (Table 3). Weighted mean milk transfer
was 826 (SD 39) g/d. The unweighted mean was 816 (SD 42) g/d
(95 % CI 772, 860 g/d).
We identified five eligible studies of seventy-two mother–infant
pairs with the infants described as being 6 months old (Table 3).
Weighted mean milk transfer was 894 (SD 87) g/d and unweighted
mean transfer 883 (SD 89) g/d (95 % CI 790, 975 g/d).
Sensitivity analysis – differences in milk transfer by method of
measurement. We carried out a planned sub-group analysis that
compared the three studies (n 43 mother–infant pairs), which
employed isotopic methods with the thirty-eight studies (n 1146
mother–infant pairs) that used the alternative method of test-
weighing the babies. Mean estimated milk transfer by the thirty-
eight studies that used test-weighing was 799 (SD 47) g/d, and by
the three studies that used the isotopic method mean milk transfer
was 864 (SD 63) g/d. Differences in milk transfer by method were
significant (P¼0·02), with significantly higher estimates from the
three studies that used isotopic methods (mean difference 66 g/d;
95 % CI for difference 11, 123 g/d).Visual examination of the
forty-one individual studies for outliers suggested two that had a
relatively low estimated milk transfer, but the inclusion or exclusion
of these studies had a negligible effect (,5 g/d) on the overall mean
milk transfer estimates.
Does milk transfer increase to compensate for increasing infant
energy needs?: evidence from longitudinal studies on changes in
breast-milk transfer
We identified nine longitudinal studies in which measurements of
breast-milk transfer had been made at least twice in the same exclu-
sively breast-fed infant between the periods of 2 and 5 months of age
J. J. Reilly et al.58
(Butte et al. 1984; Dewey & Lonnerdal, 1986; Neville et al. 1988;
Paul et al. 1988; Wood et al. 1988; van Raaij et al. 1991; Michaelsen
et al. 1994; Motil et al. 1997; Mitoulas et al. 2002). Periods of
measurement varied, but typically extended from age 2–4 or 2–5
months. All nine studies reported no marked increase in milk trans-
fer over the periods of time measured, and most described the pat-
tern of change in intake over time as a ‘plateau’ in milk transfer after
3 months.
What is the metabolisable energy content of breast milk?:
empirical evidence on breast-milk energy content
Of the 170 potentially eligible papers identified by our literature
search, twenty-five met our entry criteria, and these had a
pooled sample size of 777 mother–infant pairs. These studies
are summarised in Table 4. The weighted mean metabolisable
energy content of milk was 2·6 (SD 0·2) kJ/g (equivalent to
0·62 kcal/g).
Sensitivity analysis: differences in milk energy content by
method and by milk sampling regime. Differences in the estimated
metabolisable milk energy content associated with the method of
measurement (isotopic methods in two studies v. milk sampling in
the remaining twenty-three) were not significant (P¼0·16). Visual
inspection of the twenty-five studies suggested that four were
possible outliers. The inclusion or exclusion of these four possible
outliers, three of which observed low estimates of energy
density and one of which produced a high estimate, had a negli-
gible effect on the overall estimate of energy density. The
unweighted mean milk energy content from all the studies was
Table 2. Studies on exclusively breast-fed infants 3–4 months old: milk transfer (Italics denotes longitudinal study)
Study n Age (months) Mean (g/d) SD Method
Lonnerdal et al. (1976) 12 3·5–4·0 810 154 TW
Whitehead & Paul (1981) 32 3–4 839 160 TW
Pao et al. (1980) 2 3 892 170 TW
Whitehead et al. (1981) 6 4 823 97 TW
Chandra (1981) 33 3 825 – TW
Hofvander et al. (1982) 25 3–4 807 – TW
Picciano et al. (1981) 16 3–4 662 124 TW
Kohler et al. (1984) 21 3–4 755 148 TW
World Health Organization (1985) 28 3–4 807 99 TW
Dewey & Lonnerdal (1983) 16 3–4 827 181 TW
Butte & Garza (1985) 41 4 770 133 TW
Butte (1986) 43 3–4 762 93 TW
Prentice et al. (1986) 47 3–4 814 183 TW
Dewey (1986) 53 3–4 749 142 TW
Paul et al. (1988) longitudinal 47 3–4 798 159 TW
Dewey & Lonnerdal (1986) longitudinal 18 3–4 761 115 TW
Lucas et al. (1987) 12 3 896 41 Isotopic
Butte et al. (1990) 15 4 776 119 TW
Nommsen et al. (1991) 58 3–4 811 133 TW
van Raaij et al. (1991) longitudinal 16 3 775 184 TW
Butte et al. (1991) 111 4 785 129 TW
Goldberg et al. (1991) 10 3 792 177 Isotopic
Dewey et al. (1990) 73 3–4 812 133 TW
Butte et al. (1990) 10 3–4 770 104 TW
Wells (1994) 21 3 905 125 Isotopic
Lovelady et al. (1993) 9 4 800 95 TW
Krebs et al. (1994) 71 3–4 718 114 TW
de Bruin et al. (1998) 23 4 763 120 TW
Butte et al. (2000) 40 3–4 780 168 TW
Butte et al. (2001) 24 3–4 763 144 TW
Matheny & Picciano (1985) 18 3 756 141 TW
Heinig et al. (1993) 71 3 812 133 TW
Stuff & Nichols (1989) 19 4 832 117 TW
Weighted mean 796
TW, test-weighing.
Where breast milk transfer was not corrected for insensible water loss, estimates of transfer have been increased by 5 %.
Table 3. Studies on exclusively breast-fed infants 5 and 6 months old: milk
transfer (Italics denotes longitudinal study)
Study n
Mean
(g/d) SD Method
5-month-old infants
Neville et al. (1988) longitudinal 13 875 122 TW
Stuff et al. (1986) 9 764 88 TW
Neville & Rasbach (1988) 12 790 75 TW
Wood et al. (1988) longitudinal 19 847 209 TW
Michaelsen et al. (1994) longitudinal 35 831 138 TW
Motil et al. (1997) longitudinal 10 788 225 TW
Weighted mean 827
6-month-old infants
Salmenpera et al. (1985) 31 857 129 TW
Chandra (1981) 27 982 136 TW
Pao et al. (1980) 1 737 – TW
Stuff & Nichols (1989) 8 859 174 TW
Whitehead et al. (1981) 1 boy 996 – TW
Whitehead et al. (1981) 4 girls 905 95 TW
Weighted mean 894
TW, test-weighing.
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2·5 (SD 0·2) kJ/g (95 % CI 2·4, 2·6 kJ/g), which is equivalent to
0·61 (SD 0·05) kcal/g (95 % CI 0·59, 0·63 kcal/g).
We considered the possibility that milk energy content might
vary by sampling regime, in particular differences between
studies that used 24 h samples and those which employed shorter
sampling regimes. Of the twenty-five eligible studies identified
most (fifteen) used 24 h sampling (mean 2·5 (SD 0·2) kJ/g, 95 %
CI 2·4, 2·6 kJ/g), five used abbreviated sampling schedules
(mean 2·5 (SD 0·2) kJ/g, 95 % CI 2·2, 2·8 kJ/g; equivalent to
0·62 (SD 0·06) kcal/g, 95 % CI 0·54, 0·70 kcal/g), two did not
describe the sampling regime in sufficient detail (mean 2·4 kJ/
g), one used a complex sampling regime that aimed to obtain
representative samples (2·3 kJ/g), and two studies estimated
metabolisable energy content from isotopic methods (mean
2·4 kJ/g).
Differences in milk-energy content between studies could also
have arisen because of a variation in milk composition within a
feed, as marked differences in the composition of fore- and
hind-milk are well known. We considered this possibility in our
sensitivity analysis for the twenty-three studies that used milk
sampling. Fourteen of the twenty-three studies attempted to take
account of this source of variation by complete evacuation of
the breast during sampling (mean estimated metabolisable
energy content 2·5 (SD 0·2) kJ/g,), five studies did not describe
their approach to dealing with this problem (mean estimated
metabolisable energy content 2·6 (SD 0·3) kJ/g), and two used
complex sampling regimes to take account of differences between
fore- and hind-milk (mean estimated metabolisable energy con-
tent for these two studies 2·5 kJ/g).
Discussion
Main findings
In answer to our original three questions (aims), we found in the
present study that:
. cross-sectional studies of milk transfer suggest that it typi-
cally varies between approximately 779 g/d at age 3–4
months (for which there was a great deal of evidence:
thirty-three studies of 1041 mother–infant pairs) and approxi-
mately 894 g/d at age 6 months (for which evidence was lim-
ited: five studies with seventy-two possibly highly selected
mother–infant pairs);
. longitudinal studies, in contrast, did not suggest any marked
increase in milk transfer over time over the period 3–6
months. The metabolisable energy content of breast milk is
approximately 2·6 kJ/g.
Context and comparisons with other evidence
We believe that the present study is important in that it takes a
critical, quantitative and evidence-based approach to the assess-
ment of energy intake during infancy. Other approaches to esti-
mating energy intake in the exclusively breast-fed infant have
been important and influential but have tended to use values for
energy intake (breast-milk transfer and/or breast-milk energy con-
tent) that differ somewhat from the values we have obtained by
systematic review, and which in many cases have been based
on implicit assumptions that have not been tested against the
Table 4. Energy content of breast milk
Study n
Mean energy content
as reported (KJ/g) SD Method*
Gross energy (GE) or
estimated metabolisable (eME)
or metabolisable (ME) energy
Corrected metabolisable
energy content
(GE £ 0·93)
Department of Health and Social
Security (1977)
14 2·8 0·5 S, a eME 2·8
Dewey & Lonnerdal (1983) 16 3·0 0·6 S, a GE 2·8
Butte et al. (1984) 41 2·7 0·4 S, 24 h GE 2·5
World Health Organization (1985) 28 3·2 0·9 S, u GE 3·0
World Health Organization (1985) 83 2·5 0·4 S, u GE 2·4
Lucas et al. (1987) 12 2·5 0·2 I ME 2·5
Wood et al. (1988) 15 2·3 0·2 S, 24 h GE 2·2
Butte et al. (1990) 10 2·6 0·3 S, 24 h GE 2·4
Stuff & Nichols (1989) 19 2·6 – S, 24 h GE 2·5
Dewey et al. (1990) 73 2·9 0·3 S, 24 h GE 2·8
Nommsen et al. (1991) 58 2·8 0·3 S, 24 h GE 2·7
Butte et al. (1991) 111 2·7 0·5 S, 24 h GE 2·5
Lovelady et al. (1993) 9 2·8 0·4 S, 24 h GE 2·6
Wells (1994) 21 2·5 0·5 I ME 2·5
Michaelsen et al. (1994) 35 2·9 0·4 S, a GE 2·7
Heinig et al. (1993) 71 2·8 – S, 24 h GE 2·5
Motil et al. (1997) 10 3·0 0·3 S, 24 h GE 2·8
de Bruin et al. (1998) 23 2·4 0·4 S, 24 h GE 2·2
Butte et al. (2000) 40 2·7 0·4 S, 24 h GE 2·5
Butte et al. (2001) 24 2·7 0·3 S, 24 h GE 2·5
Mitoulas et al. (2002) 16 2·5 0·6 S, o GE 2·3
Sadurskis et al. (1988) 23 2·7 0·3 S, 24 h GE 2·5
Lepage et al. (1984) 11 2·7 0·1 S, 24 h GE 2·5
Garza et al. (1983) 4 2·3 0·2 S, a GE 2·1
Garza & Butte (1986) 10 3·0 0·5 S, 24 h GE 2·8
* Methods used various forms of milk sampling (S) or an isotopic method (I). Sampling studies used 24 h sampling periods (S, 24 h), abbreviated sampling schedules (S, a), more complex
schedules (S, o) or schedules that were unclear from the methodological descriptions provided (S, u). In most studies, the GE content of breast milk was calculated from either bomb
calorimetry or values for the gross energy content of the chemical constituents. Values denoted as ‘eME’ used corrections to estimate the metabolisable energy content of breast milk.
‘ME’ indicates values calculated in comprehensive studies of the infant energy budget using isotopic methods. In all studies that reported gross energy content, this was corrected to
metabolisable energy content by reducing the values by 7 %.
J. J. Reilly et al.60
empirical evidence. Whitehead & Paul (2000), for example, used
the widely cited and assumed value for breast-milk energy content
of 0·68 kcal/g (2·8 kJ/g) in order to estimate the long-term ade-
quacy of exclusive breast-feeding to meet infant energy needs,
and treated this value as metabolisable energy content. Butte
et al. (2000) noted that published studies provided estimates of
milk energy content ranging from 0·62 to 0·80 kcal/g, but in
their assessment of whether or not the energy needs of infants
would be met adequately for up to 6 months of exclusive
breast-feeding, they used an assumed value for metabolisable
energy content of 0·67 kcal/g. In the present review, we have
tried to examine these assumptions by reviewing the empirical
evidence, and have produced typical estimates for energy intake
variables that are based on the widest body of empirical evidence
possible.
Milk energy-content values extracted from the literature in the
present study were consistently much lower than the widely cited
and assumed values, at about 2·6 kJ/g (0·62 kcal/g). We believe
that this is due to a combination of factors. First, there is a heavy
dependence, and possibly excessive emphasis, in the literature on
a small number of widely cited studies that found a relatively high
energy content, for example the World Health Organization
(1985) study, which included two samples of subjects, one of
which provided milk with a mean gross energy content of
0·77 kcal/g (the mean gross energy content in the other sample in
this WHO study being 0·60 kcal/g). Other relatively high estimates
for gross energy content that are frequently cited include those of
Dewey & Lonnerdal (1983; 0·71 kcal/g gross energy), Dewey
et al. (1990; 0·70 kcal/g gross energy) and Michaelsen et al.
(1994; 0·69 kcal/g gross energy). Second, although most previous
studies (Table 4) actually estimated the gross energy content of
breast milk (from proximate composition or bomb calorimetry),
the distinction between gross and metabolisable energy content
has been widely ignored, so gross energy values have been treated
in infant-feeding calculations and recommendations as metabolis-
able energy content – the use of metabolisable energy content
values of about 2·9–3·0 kJ/g has been common in the literature on
infant-feeding recommendations.
Estimates of quantity of breast-milk transfer obtained by the
present review were slightly higher than the values commonly
assumed and cited: the present review estimates are based on a
wider search for evidence. Accepted values for variables such
as breast-milk transfer and energy content are accepted in part
because of the repeated citation of values derived from a very
few studies. The over-dependence on a few studies, some of
which would have suffered from common methodological pro-
blems that lead to systematic errors (such as the use of the
gross energy content of milk, the treatment of milk volume and
milk mass as identical, and the failure to correct milk transfer
for insensible water loss) is a limitation that has affected the
infant-feeding literature. Systematic review is an alternative
approach that is explicitly intended to extract and summarise
the maximum possible body of evidence on a particular topic. It
is therefore unsurprising that the values obtained by a systematic
review that is specifically aimed at establishing metabolisable
energy intake might differ significantly from widely accepted
values. Other differences between different reviews arise from
study inclusion and exclusion criteria. In the present review, for
example, we excluded studies in which infants were described
as being predominantly breast-fed, but such studies were included
in the review by Butte et al. (2002).
Methodology and limitations
We have attempted to minimise the inherent problems of
interpretation in our study design by following recommended
practice for the systematic review of observational studies and
by using only studies that employed validated methods
(Stroup et al. 2000). The methods used in the studies reviewed
were not generally prone to large biases (Lucas et al. 1987;
Mitoulas et al. 2002; Scanlon et al. 2002), and the direction
and magnitude of the biases is well known. Only simple and rela-
tively minor corrections were therefore necessary – for insensible
water loss (to calculate milk transfer), metabolisablity of milk (to
calculate the energy actually available to the baby) and density of
milk. The methodological quality (accuracy) of the studies sum-
marised was generally high. Where differences between studies
that were related to methodology were likely, we formally
tested for such differences and have provided information on
methodology used by each study.
Possible implications
Our findings have a number of possible implications. One is that
the energy content of modern infant formulae may be significantly
higher than that of breast milk: modern formula milk is designed
to mimic the gross composition of breast milk, but its composition
has presumably been based on the assumption that breast-milk
energy content was higher than the estimate suggested by our
review. Our observations may also contribute to the debate on
the adequacy of exclusive breast-feeding. We speculate that
using lower values for breast-milk energy content than the
0·67–0·68 kcal/g used in WHO reviews might alter the apparent
adequacy of exclusive breast-feeding to 6 months of age.
Consistency of evidence and research needs
Given differences in samples, settings and methods, our review
produced a large body of surprisingly consistent empirical evi-
dence on milk transfer at age 3–4 months, changes in transfer stu-
died longitudinally, and energy content of breast milk. It is likely
that much of the between-study difference in mean estimated milk
energy content that we have observed in the literature is due to
differences in sampling protocols, but the relatively small
number of studies and the predominance of the 24 h sampling
technique in the literature precluded formal analysis. It is worth
noting that there was, overall, a similarity between studies, with
a relatively narrow CI for the estimates of energy content, but
that studies based on shorter milk-sampling schedules produced
more variable estimates, as expected (Garza & Butte, 1986;
Mitoulas et al. 2002).
More empirical studies of the metabolisability of breast milk
would be desirable as evidence in this important area is lacking.
Milk transfer data from older (5–6 month) exclusively breast-
fed infants are extremely scarce. Butte et al. (2002) also noted
this paucity of evidence and made the point that, owing to the
high rate of cessation of exclusive breast-feeding, the mother–
infant pairs studied when infants were aged 5–6 months are
likely to have been highly selected and possibly unusual. These
observations point to the need for more evidence on breast-milk
consumption by infants aged 5–6 months who are exclusively
breastfed.
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Our review deliberately excluded studies from the developing
world, but in view of the potential implications of our findings,
a similar review of data from the developing world would be
timely.
Conclusions
The present review provides a large body of fairly consistent evi-
dence on energy intake during infancy: breast-milk transfer from
mother to baby in the exclusively breast-fed infant, changes in trans-
fer with age, and the metabolisable energy content of breast milk.
Evidence on milk transfer in older exclusively breast-fed infants
is lacking. In some cases, values derived by comprehensive sys-
tematic review were markedly different from values widely
quoted and used as the basis of infant-feeding recommendations.
Evidence on the metabolisability of breast milk is lacking for infants
older than 14 d. The review also suggests that more empirical
research is required on energy balance during exclusive breast-feed-
ing in the older (5–6-month-old) infant.
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